ABSTRACT
Mixed hematopoietic chimerism provides a powerful means of inducing robust, donor-specific tolerance. In this article, the minimal requirements for achieving mixed chimerism, the development of new reagents that promote its achievement, and the mechanisms by which peripheral and intrathymic tolerance are achieved via mixed chimerism are discussed.
An emerging understanding of these mechanisms, along with the development of new immunosuppressive reagents, is allowing advancement toward clinical application of this approach.
INTRODUCTION
The induction of specific transplantation tolerance would overcome all of the major obstacles limiting the advancement of transplantation. Although numerous regimens leading to the indefinite acceptance of vascularized allografts have been reported in rodent models, the efficacy of these approaches in humans cannot be predicted, as most of these strategies fail to achieve similar results when attempted in large animals. Tolerance in rodents that is geared toward ultimate clinical application, therefore, must have high reliability and reproducibility, must not be perturbed by intercurrent infections or other immunological events, and must be evident by the most stringent tests (e.g. the permanent acceptance of fully MHC-mismatched skin grafts in euthymic recipients).
TOLERANCE INDUCTION THROUGH HEMATOPOIETIC CHIMERISM
It has been known since the early studies of Owen and Medawar (1-4), that hematopoietic chimerism induced in immunologically immature fetal or neonatal animals leads to transplantation tolerance. Subsequently, it was shown that tolerance could be achieved by bone marrow transplantation (BMT) to adult rodents whose immune and hematopoietic systems were first ablated with lethal total body irradiation (TBI) (5) . However, the clinical application of BMT for tolerance induction has largely been prohibited by the toxicity of the host conditioning thought to be necessary to allow bone marrow (BM) engraftment, and by the formidable problems of graft-versus-host disease (GVHD) and failure of engraftment, especially when major HLA barriers are transgressed (6) (7) (8) . To develop a less toxic approach to using BMT for tolerance induction, it is first necessary to identify the host factors resisting alloengraftment that can be specifically targeted to permit donor marrow engraftment without GVHD.
Mixed chimerism describes a state wherein hematopoietic populations of both the recipient and the donor co-exist. This state can be achieved in immunologically mature recipients by milder treatments that do not ablate host hematopoietic cells (9) . Mixed chimerism is associated with improved immunocompetence compared to MHC-mismatched full allogeneic chimerism (10) (11) (12) (13) (14) , because mixed but not full chimeras contain a lifelong source of host-type antigen-presenting cells (APC) that can most effectively present antigens to T cells that develop in the recipient thymus. These T cells are positively selected by host MHC on thymic epithelial cells, and therefore recognize peptide antigens in the periphery most efficiently in the context of host MHC.
ACHIEVEMENT OF MIXED CHIMERISM WITH NON-MYELOABLATIVE CONDITIONING
Mixed chimerism achieved with high-dose total lymphoid irradiation or lethal TBI followed by reconstitution with mixed T cell-depleted host-type and allogeneic marrow induces tolerance in rodents (13, (15) (16) (17) (18) (19) , but these approaches are not clinically applicable because of the complications associated with such strategies in humans. Efforts at achieving mixed chimerism through less toxic approaches include host pretreatment with depleting doses of anti-CD4 and anti-CD8 mAbs along with a sublethal dose of TBI (3 Gy, which is only minimally and transiently myelosuppressive in mice (20)) along with selective irradiation to the thymic area (thymic irradiation, TI) (9) . Lasting multilineage mixed chimerism is achieved across full MHC barriers with these treatments, along with robust donor-specific tolerance that is illustrated by permanent acceptance of donor skin grafted any time after BMT, with normal rejection of third party allografts (9) . The tolerance is systemic, as is illustrated by donor-specific unresponsiveness in MLR and CML assays (21). TI can be replaced in this model by the repeated administration of anti-CD4 and anti-CD8 mAbs (on Day -1, in addition to a first dose on Day -5 or -6) (22, 23), or by a single treatment with either anti-CD154 mAb or CTLA4Ig (24). A variety of additional protocols using different forms of myelosuppression and T cell elimination for the induction of mixed chimerism in rodents have been reported (25-30) (31).
Since the adult thymus is very slow to regenerate T cells after lymphoablative conditioning (32) (33) (34) , it would be desirable to avoid recipient T cell depletion in regimens for the induction of mixed chimerism. We demonstrated that the T cell barrier to allogeneic marrow engraftment can be overcome without T cell depletion by using costimulatory blockade, and that the combination of BMT and costimulatory blockade led to donor-specific tolerance (35) . This robust, systemic tolerance is maintained longterm by central deletion, but initially involves additional mechanisms required to tolerize pre-existing peripheral T cells. Several groups have now developed additional protocols for mixed chimerism and tolerance induction using costimulatory blockade (36) (37) (38) (39) (40) (41) (42) . Although tolerance has been achieved in rodent vascularized allograft and islet allograft models with costimulatory blockade alone or with donor-specific transfusion (43) (44) (45) (46) (47) (48) (49) , or in skin graft models in thymectomized mice (47) , it is only in combination with BMT that costimulatory blockade has achieved tolerance that is systemic and measurable by the most stringent criterion, acceptance of fully MHC-mismatched skin grafts, in euthymic mice (35).
GENERAL REQUIREMENTS FOR SUCCESSFUL MIXED CHIMERISM AND DURABLE TOLERANCE INDUCTION
The barriers that must be overcome by all protocols that reliably achieve mixed chimerism and tolerance are summarized in Figure 1 . Since adult recipients contain mature T cells with anti-donor reactivity in the periphery and thymus, these must be eliminated or inactivated by the initial host conditioning (for example by depletion or using costimulatory blockers), to prevent the rejection of the infused donor BM. Even though a single injection of T cell depleting mAbs leads to near-complete depletion of the peripheral T cell pool, residual donorreactive thymocytes can cause intrathymic rejection of donor cells entering the thymus, which ultimately leads to failure to tolerize the initially-recovering T cell repertoire (50) . Chimerism is not stable, but starts to decline soon after BMT, even if relatively high levels of peripheral nonthymic chimerism are initially achieved (9, 23) A repeat anti-T cell antibody injection (50) or costimulatory blocker (24) eliminates this residual thymic alloreactivity.
While it is certainly important to overcome the barrier imposed by the large number of naïve alloreactive host T cells in order to to achieve durable marrow engraftment, memory T cells derived from responses to If antidonor alloreactivity is blocked and sufficient numbers of donor hematopoietic stem cells are given, they will engraft in the recipient marrow. The number of stem cells required to achieve such engraftment is decreased by the administration of myelotoxic treatments to the recipient, including low-dose TBI or busulfan. Donor and recipient stem cells co-existing in the marrow contribute to multilineage hematopoiesis, resulting in mixed chimerism, and send progeny to the host thymus on an ongoing basis throughout life. C. Some of these cells originating from the donor and host marrow differentiate into dendritic cells and other APC in the thymus, contributing to negative selection of subsequently developing thymocytes of both donor and host origin. D. The emerging T cells that repopulate the peripheral lymphoid tissues are tolerant of donor and recipient. A donor organ is accepted and there is no GVHD.
pathogens may have allogeneic cross-reactivity and present an additional barrier to marrow engraftment (51) . Memory cells may be resistant to T cell depleting antibodies (52, 53) and costimulatory blockade (54) , and the development of additional treatments to specifically target these cells might be needed for a minimal regimen achieving durable mixed chimerism in humans.
While recipient natural killer (NK) cells also pose a barrier to allogeneic BM engraftment (55, 56) ,(57) they present only minimal resistance to engraftment of pluripotent hematopoietic stem cells, and this resistance is readily overcome by giving slightly increased marrow doses (58) . While in vitro studies suggested that NK cells of the two strains composing a mixed chimera (MC) may not be "tolerant" of each other's MHC (59) , in vivo studies have shown clearly that NK cells develop mutual tolerance in MCs (60) .
Natural antibodies can also pose a barrier to hematopoietic cell engraftment both in animal models (61, 62 )(e.g. xenoantibodies) and in humans, in which recipient antibodies to donor AB blood group antigens can produce a pure red cell aplasia (63) (64) (65) . However, studies in animal models have shown clearly that natural or even presensitized antibody responses to donor carbohydrate antigens such as the alphaGal determinant, which is of great importance in xenotransplantation, are also tolerized by the induction of mixed chimerism (62, (66) (67) (68) .
If the immune barriers are adequately overcome, hematopoietic stem cells contained in the donor BM inoculum will "home" to the BM compartment of the recipient (Figure 1 ). Stem cell engraftment is facilitated by recipient irradiation or other myelosuppressive therapy, which is critical when conventional marrow doses are given (20). Even local TBI causes a systemic increase in CD45 congenic donor stem cell engraftment, probably by promoting the initial expansion of donor stem cells in irradiated sites (69) . Studies in syngeneic and congenic models have shown that this requirement to create "space" can be overcome by the administration of high doses of donor stem cells (70-74). When T cell-mediated resistance to allogeneic marrow engraftment was overcome with anti-T cell mAbs and TI or with costimulatory blockade, high doses of allogeneic marrow could also engraft without treatment of the hosts with TBI or chemotherapy (75) (76).
CENTRAL DELETION AS THE MAIN MECHANISM MAINTAINING TOLERANCE IN MIXED CHIMERAS
Once stem cells have engrafted, they co-exist with recipient stem cells and give rise to cells of all hematopoietic lineages for the life of the recipient. Most importantly, hematopoietic progenitor cells seed the thymus through a separately regulated process (74) , giving rise to dendritic cells which mediate clonal deletion ( Figure  1 ). In the normal thymus, self-reactive T cells are clonally deleted during their maturation through the physiologic process of negative selection. Antigens expressed on cells of hematopoietic origin within the thymus are the most effective mediators of negative selection (77) (78) (79) (80) . In MCs, hematopoietic cells from both the recipient and the donor locate to the thymus, leading to deletion of both hostreactive and donor-reactive T cells (23, 81) (82). The result is a T cell repertoire that is tolerant towards the donor and the host. Donor dendritic cells, which are potent mediators of negative selection, can be found intrathymically in MCs throughout their lives, beginning as early as 8-10 days after BMT (23, 81, 82)(T. Daskivich and M.Sykes, unpublished data). Evidence indicates that central deletion is the only significant mechanism maintaining tolerance in mixed chimeras prepared with an extensively T cell-depleting regimen. When euthymic chimeras established this way received a mAb that depleted donor antigen, tolerance was lost and non-deleted T cells bearing donor-reactive Vbeta appeared in the peripheral repertoire. If the chimeras were thymectomized before donor antigen was depleted, however, tolerance persisted despite the absence of donor antigen, indicating that peripheral antigen was not required to maintain tolerance. T cells with donor-reactive Vbeta did not appear in the repertoire, indicating that these cells had developed in the thymus of control mice after antigen depletion (83) . Since persistent antigen would be required for maintenance of peripheral tolerance through anergy (84, 85) , this is clearly not a significant mechanism in this model. Active suppression does not play a major role either, as chimerism and tolerance were easily broken in established chimeras by the infusion of naive host-type spleen cells or by the removal of antigen when the host thymus was left intact so that non-tolerant T cells could be subsequently generated in the thymus (83).
MECHANISMS OF TOLERANCE ACHIEVED WITH COSTIMULATORY BLOCKADE
Various mechanisms have been implicated in the prolongation of solid organ allograft survival using costimulatory blockade, including anergy, suppression, and deletion (reviewed in (86) ). Regulatory CD25 + T cells (Treg), and roles for IFN-gamma, IL-2, activation-induced cell death (AICD), as well as inhibition by calcineurin inhibitors have figured prominently in these models (48, (87) (88) (89) (90) (91) (92) (93) (94) (95) (96) . However, costimulatory blockade with or without BMT leads to mechanistically different forms of tolerance. The successful models that exclude BMT have generally involved less difficult graft types (e.g. hearts, MHCmatched skin) and susceptible strain combinations. Tolerance in mice receiving costimulatory blockade combined with BMT differs from that in regimens not involving BMT in several respects, including their lack of dependence on IFN-gamma (97) or IL-2 (98), and the less prominent role of regulatory cells (see below).
MECHANISMS OF TOLERANCE ACHIEVED WITH COSTIMULATORY BLOCKADE COMBINED WITH BMT
The tolerance achieved with BMT plus costimulatory blockade is effective in "resistant" strain combinations, and leads to the acceptance of the most immunogenic MHC-disparate grafts, including skin and small intestine (35, 99, 100) . Since these protocols do not involve global depletion of peripheral T cells, additional mechanisms must explain the acceptance of donor marrow and tolerization of pre-existing recipient T cells. Donor skin grafted one day post-BMT is specifically accepted, demonstrating that the tolerance to donor antigen develops rapidly (99) . It should, however, be noted that donor skin is neither required nor sufficient for tolerance induction: engraftment of donor marrow ensures the specific acceptance of donor skin grafted at any time, whereas 3 rd party skin grafts are readily rejected, regardless of time of placement. This rapid induction of systemic tolerance is also evident in vitro (101).
We have found it useful to analyze the mechanisms of tolerance of peripheral CD4 cells and CD8 cells separately, as there are differences in the pathway to tolerization of each subset using BMT and costimulatory blockade.
Mechanisms of CD4 T cell tolerance
Depletion of recipient CD8 cells permits the reliable achievement of high levels of mixed chimerism and lasting donor-specific tolerance in mice receiving anti-CD154 on Day 0 and 3 Gy TBI (99). CTLA4Ig was required only to tolerize CD8 cells in the original protocol that excluded CD8 depletion (35) . Thus, CD4 cell tolerance could be examined in isolation in CD8-depleted mice receiving low dose TBI and anti-CD154 mAb as the sole conditioning.
To determine the mechanism of the effect of anti-CD154 mAb on CD4 cells, we used CD154 -/-and WT mice that were depleted of CD8 + T cells as recipients of fully MHC-mismatched allogeneic BMT (101). Donor marrow was T cell-depleted (TCD) to exclude a role for donor T cells expressing CD40L in promoting engraftment. All CD154 -/-mice that received only CD8-depleting mAb and 3 Gy TBI developed lasting multilineage chimerism, similar to WT control mice receiving anti-CD154 mAb plus CD8-depleting mAb and 3 Gy TBI. In contrast, wild-type mice receiving BMT and anti-CD8 mAb without anti-CD154 mAb rejected donor marrow. These results demonstrate that intact CD40/CD154 interactions are essential for CD4 + T cell-mediated rejection of allogeneic marrow.
Deletion of peripheral donor superantigenreactive CD4 T cells was observed in CD8-depleted mice that receive BMT with anti-CD154, suggesting peripheral deletion as a mechanism of tolerance (99) . Similar peripheral deletion of donor superantigen-reactive CD4 cells was seen in CD154 -/-recipients of BMT with anti-CD8 without anti-CD154 (101) . Clearly, neither a signal to the activated CD4 cell through CD154 nor antibodymediated depletion of activated, CD154 + CD4 cells is required for this deletion and tolerance. These results argue against speculations made about anti-CD154-mediated T cell clearance in BMT models on the basis of studies not involving BMT and emphasize differences between mechanisms involved when costimulatory blockade is given with or without BMT (102, 103) .
A TCR transgenic (Tg) model was used to examine peripheral deletion of a truly alloreactive CD4 cell population. We utilized the AND TCR Tg, which recognizes a pigeon cytochrome c peptide in the context of IE k , is positively selected on IA b (104, 105) , and crossreacts with an IA s alloantigen (106, 107) . To establish a physiologically relevant proportion of alloreactive (IA sreactive) CD4 T cells that can be tracked, 5x10 6 C57BL/10 AND + CD4 + splenocytes were injected i.v. into C57BL/10 mice. Five days later, these mice (referred to henceforth as B10-AND) received anti-CD8 mAb, 3 Gy TBI, anti-CD154 mAb, and BMT from either B10.A (H2 To examine the mechanisms of peripheral CD4 deletion in recipients of this regimen, Tg B6 recipients whose T cells constitutively express Bcl-x L , which blocks the intrinsic, or mitochondrial pathway of cell death, were used. In contrast to wild-type mice, these animals did not demonstrate early deletion of donor-reactive CD4 T cells and failed to develop long-term mixed chimerism or tolerance (108) . Notably, when pathways that play a role in activation-induced cell death (AICD) were blocked (through either Fas deficiency or a 2-week course of treatment with the calcineurin inhibitor CyA), the induction of chimerism and CD4 cell tolerance were not impaired (108, 109) . Tolerance develops normally in IFN-gammadeficient mice (97) , also arguing against a role for AICD, in which IFN-gamma plays a critical role (110) . Together, our results demonstrate that simply blocking CD40 stimulation in combination with allogeneic BMT is sufficient to completely overcome CD4 cell-mediated antidonor alloreactivity and induce peripheral deletional tolerance.
Prior to deletion, donor-specific CD4 T cells demonstrate specific MLR non-responsiveness to donor antigens within one week post-BMT with anti-CD154 (101) . ELISPOT assays performed following stimulation with donor, host and third party alloantigens revealed rapid, donor-specific tolerance of IL-2, IFN-γ, IL-4, and IL-5-producing cells (97, 108) . There was no evidence for increased Th2 cytokine production in response to the donor in tolerant mice (97) . The lack of any anti-donor IL-2 response at early time points is not consistent with a role for IL-2-dependent Treg (111-115).
We sought evidence for a role for Tregs in tolerizing peripheral CD4 cells in our model. The data suggest that Tregs play a minor, if any, role in the establishment of mixed chimerism or in the maintenance of tolerance in this model. In stable MCs prepared with anti-CD154 with anti-CD8 or with CTLA4Ig, the infusion of naïve recipient-type splenocytes at 6 or 17 weeks post-BMT (in numbers that are insufficient to break tolerance in models where regulatory cells play a role (116-118)) led to rejection of both the donor bone marrow and skin allografts, arguing against a strong suppressive mechanism (97) . Also inconsistent with strong regulatory mechanisms in induction or maintenance of tolerance, MCs prepared with this regimen did not mediate "linked suppression" to either MHC class I or minor antigens co-expressed with donor antigens on skin grafted at the time of BMT or several months later (97) . Moreover, when various numbers of tolerant cells obtained 2 weeks post-transplant were transferred into syngeneic, immunodeficient recipients, donor skin grafted to secondary recipients was accepted for at least 60 days, then rejected (97) . This rejection coincided with an inability to detect donor cells in the secondary recipients. These chimeric cells may have been destroyed by recipient NK cells. Thus, in the absence of continued chimerism, tolerance does not persist indefinitely, consistent with anergy prior to the observed deletion by 4 weeks. Importantly, co-transfer of 2-week tolerant CD4 cells did not significantly delay rejection of donor skin grafts compared to naïve CD4 cells alone, even when the ratio of tolerant to naïve CD4 T cells given was 3:1 (97) or as high as 25:1 (119). Thus, powerful suppressive mechanisms are not demonstrable in this model, either early or late. A lack of evidence for regulation was also described in mixed chimeras produced with anti-CD154, CTLA4Ig, and busulfan following adoptive transfer of lymphocytes from chimeras several months post-BMT (36) .
Given that intrathymic deletion of donor-reactive cells is quite complete (35, 86) , the lack of detectable suppression in long-term MCs might not be surprising. However, there is no robust suppressive mechanism maintaining tolerance even before complete deletion of peripheral donor-reactive CD4 cells is achieved by 4 weeks post-BMT (97) . In fact, regulatory mechanisms require several months to mature following solid organ transplantation (120) , so the ability of BMT with anti-CD154 to delete donor-reactive cells relatively quickly might preclude the maturation of regulatory responses. Our data are consistent with the interpretation that the presence of T cells with a particular specificity is necessary for the activation and expansion of regulatory cells with similar specificity.
If T cells recognizing a given set of alloantigens are deleted, Treg may not have the opportunity to be activated and expand.
Thus, we have established that deletion of alloreactive CD4 T cells occurs over the first 4 weeks post-BMT. Since tolerance is complete (by ELISPOT, MLR, and skin graft studies) by 1 week post-transplant, these results implicate anergy and/or other mechanisms in the initial tolerization of these cells. Exogenous IL-2 did not overcome the early MLR tolerance observed at 1 or 2 weeks post-BMT (97), consistent with a "non-classical" type of anergy described in other models (121, 122).
Mechanisms of peripheral CD8 T cell tolerance
CD4-independent CD8 + T cells can reject donor marrow in mice receiving 3 Gy TBI and one injection of anti-CD154 as the sole conditioning (99) . We identified two ways of tolerizing these CD8 cells without adding any additional host conditioning. One involved the use of donor-specific transfusion (DST). Studies not involving BMT have shown that donor-specific transfusion (DST) in combination with anti-CD154 mAb leads to deletional tolerance of pre-existing peripheral CD8 cells (47, 123) . In those studies, the subsequent export from the thymus of nontolerant T cells led to eventual rejection of donor skin grafts (124) . We hypothesized that the combination of BMT, anti-CD154, DST and 3 Gy TBI would lead to permanent chimerism and donor-specific tolerance, since cells arising in the thymus subsequent to the BMT would be intrathymically deleted by donor APC. DST (donor splenocytes) given 7 days prior to BMT led to reliable tolerization of CD8 cells in addition to CD4 cells in mice receiving anti-CD154, BMT and 3 Gy TBI, permitting achievement of high levels of lasting, multilineage mixed chimerism (125) . Administration of 3 Gy TBI and DST alone, without anti-CD154 mAb, did not allow induction of mixed chimerism. The mixed chimeras (MCs) prepared with the DST regimen accepted donor B10.A skin grafts indefinitely (>200 days), whereas third party skin was rejected by Day 40. The rejection of third-party skin demonstrates the importance of donor bone marrow in inducing tolerance, and shows that antigen provided by skin grafts is insufficient to induce tolerance in mice receiving DST, anti-CD154 and 3 Gy TBI.
We also found that moving the 3 Gy TBI dose to Day -1 or -2 instead of Day 0 permitted quite reliable tolerization of peripheral CD8 cells (in addition to CD4 cells) in recipients of anti-CD154 without DST. Lasting, high levels of donor chimerism, specific skin graft tolerance and MLR and CML tolerance were achieved with these regimens (125) . The mechanisms of tolerance in mice receiving BMT with anti-CD154 and 3 Gy TBI on Day -1 appear to be similar to those in animals receiving BMT with anti-CD154 and Day 0 TBI, with DST to tolerize peripheral CD8 cells. In contrast to tolerance induction with DST plus skin grafting (without BMT) in thymectomized mice (48), IFN-gamma was not required for tolerance in the models involving BMT (Y.Takeuchi and M.Sykes, unpublished data) (98) . CTLA4 appears to be critical in achieving tolerance in the BMT (98)(and Y.Takeuchi and M.Sykes, unpublished data) and non-BMT (126) models.
Depletion of CD4 cells abrogates the achievement of CD8 cell tolerance and hence mixed chimerism with both the DST and Day -1 TBI BMT regimens (98, 125) . CD4 cells were only required for a short period, as depletion of this cell population before Day 10 post-BMT led to a significant reduction in the incidence of mixed chimerism, whereas CD4 depletion on Day 10 or later had little or no effect (98).
Since "natural" CD4 Treg have been shown to be mainly CD25
+ (127), we evaluated the effect of depleting anti-CD25 mAb on chimerism and tolerance in mice receiving BMT following 3 Gy TBI on Day -1 and anti-CD154 mAb on Day 0. Depleting anti-CD25 mAb had no effect on the induction of mixed chimerism in this model, despite successful depletion of CD4 + CD25
+ cells for >2 weeks (98) . Likewise, neutralizing anti-IL-2 mAb failed to block chimerism and tolerance induction (98) . In contrast, these same treatments prevented chimerism and tolerance induction in the CTLA4Ig/anti-CD40L /3 Gy TBI regimen (128) , suggesting different tolerance mechanisms in the two models.
To investigate the fate of donor-reactive CD8 T cells in our model, we constructed B6 recipient mice with 2C + T cell chimerism using 3 Gy TBI and BMT from B6 2C TCR Tg mice. The 2C TCR is from a B6 CD8 cell clone recognizing the L d alloantigen (129) , and we mixed these cells into syngeneic wild-type mice to provide a trackable T cell population with known allospecificity. Eight weeks later, when T cell development from the Tg BMC had reconstituted approximately 7% of the peripheral CD8 T cell pool, these 2C/B6 mice received 3 Gy TBI on Day -1 and anti-CD154 and BMT on Day 0 followed by BMT from + cells were constant in PBL of 2C/B6 mice that received irrelevant A.SW BMT. Thus, donor-reactive CD8 cells in the periphery are specifically and rapidly deleted following BMT with Day-1 TBI and anti-CD154 mAb (98) . The deletion of donor-reactive CD8 cells is much more rapid than that of CD4 cells recognizing donor antigens, which required about 4 weeks (97).
We examined the effect of CD4 depletion on deletion of peripheral donor-reactive CD8 cells. Surprisingly, treatment with anti-CD4 mAb on Day -1 did not markedly impair the initial deletion of 2C CD8 cells. However, after the first week, the proportion of 2C Tg CD8 cells began to increase in CD4-depleted mice, while those in control animals continued to decline (98) . By 5 and 7 weeks post-BMT, when 2C cells were undectable in MCs, the CD4-depleted animals, which again failed to achieve mixed chimerism, showed marked expansion of donor-reactive 2C CD8 cells (98) . Thus, CD4 cells play a role in permitting the complete deletion of donor-reactive CD8 cells, but their role is complex and may not be direct.
Thus, the CD4 cells that contribute to peripheral CD8 cell tolerance in this model act early, are not CD25 + , and are not dependent on IL-2, in marked contrast to "natural" regulatory cells (127) . We hypothesize that these are "ordinary" alloreactive CD4 cells whose activity becomes suppressive for CD8 cells when the CD4 cell CD154-APC CD40 interaction is disrupted. The APC may be an important intermediary in this tolerization of CD8 cells. Typical "natural" regulatory cells may play a greater role in chimerism models in which peripheral deletion of donor-reactive T cells does not occur completely and/or quickly. It is tempting to speculate that incomplete peripheral deletion of donor-reactive CD8 cells may explain the implied role for CD25 + regulatory cells in animals receiving 3 Gy TBI, anti-CD154 mAb and CTLA4Ig (128) , which contrasts to the model discussed above, in which rapid peripheral deletion of donor-reactive CD8 cells occurs (98).
The relationship between deletional and "regulatory" tolerance
In the models involving low-dose TBI, high levels of both donor and host hematopoiesis exist in the mixed chimeras, making it likely that both donor and host stem cells contribute to hematopoiesis at all times, ensuring the continuous contribution of donor and host cells to intrathymic APC that induce deletion of newly developing T cells. Some models, however, achieve only low levels of donor chimerism, such as those involving high doses of marrow given without TBI (76, 119) . In such models, regulatory cells appear to play a significant role in maintaining long-term tolerance, and the deletion of donorreactive T cells appears to be less complete (119, 130) . These results are consistent with the interpretation that regulatory cells suppressing an alloresponse are only activated when alloreactive T cells are present, which is not the case when complete deletional tolerance exists. A threshold level of donor hematopoietic stem cell engraftment may be required to ensure the constant contribution of donor-derived thymic dendritic cells to thymic negative selection. This hypothesis is suggested by data showing that relatively few hematopoietic stem cells contribute to hematopoiesis at any given time (131) . When only low levels of donor chimerism are present, there will be times when central deletion of donor-reactive T cells does not occur because donor stem cells are not contributing sufficiently to the thymic dendritic cell pool at that particular time. The emergence of small numbers of donor-reactive T cells from the thymus may then promote peripheral expansion of regulatory cells specific for the donor. Regulatory mechanisms may also be important in large animal (132) and clinical tolerance protocols involving BMT for renal allograft tolerance (133)(Kawai et al, manuscript in preparation), in which longterm donor hematopoiesis is not maintained.
ABSENCE OF GVHD IN MIXED CHIMERAS
GVHD does not occur in the rodent mixed chimerism models discussed above, nor in a related primate model (132) , despite the use of unseparated donor bone marrow cells. This is most readily explained by the continued presence of the T cell-depleting antibodies (23, 81) or costimulatory blockers in the recipients' serum at the time of BMT, which deplete or inactivate the much smaller number of donor T cells by the same mechanisms that affect the entire recipient T cell pool. For clinical application of the mixed chimerism approach, it will be important to reliably avoid GVHD with ex vivo or in vivo donor T cell depletion or tolerization.
CONCLUSIONS
Mixed chimerism induces a reliable and robust form of tolerance. If regimens for achieving mixed chimerism in patients could be developed that are associated with acceptably low toxicity, the problems of chronic rejection (38, 134) and the complications of chronic immunosuppressive therapy would be completely eliminated. The recent extension of approaches from rodents to large animal models (described elsewhere in this issue) and humans (135-137) is highly encouraging. Further progress in applying the most minimally toxic approaches involving costimulatory blockade from rodents to humans will require an in-depth understanding of the mechanisms of tolerance achieved with this approach in rodents. Since the most promising agent, anti-CD154mAb, is associated with significant thromboembolic complications in large animals and humans (138) (139) (140) (141) (142) , it will be important to identify the molecular pathways involved in its tolerogenic capacity in conjunction with BMT so that other reagents can be used to replace anti-CD154. Additionally, methods of effectively tolerizing memory T cells, which are relevant to the presensitized recipient and heterologous immunity that poses additional barriers (51), must be developed. Understanding the mechanisms of tolerance of both naïve and memory T cells will ultimately facilitate the development of less toxic regimens using reagents that target the critical pathways elucidated.
The development of such conditioning regimens will lead to new hope for patients in need of organ transplants and those with hematologic disorders such as hemoglobinopathies.
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